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Observation of Atomic Antihydrogen
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We report the background-free observation of atomic antihydrogen, produced by interactions of an
antiproton beam with a hydrogen gas jet target in the Fermilab Antiproton Accumulator. We measure
the cross section of the reactipip — He ™ p for 7 beam momenta between 5203 and 6232 MeYo
bel.12 £ 0.14 = 0.09 pb. [S0031-9007(98)05685-3]

PACS numbers: 36.10.—k, 11.30.Er, 13.75.Cs, 25.43.+t

The CPT theorem states that the product of the chargeyet p, was captured by the begp This process involves
conjugation (), parity (P), and time reversall() opera- momentum transfer of orden.c, so theH atoms were
tions is an exact symmetry of nature”PT invariance is  produced with=0.9995 of the beam momentum, and did
a property of any quantum field theory that is constructedhot separate from thg beam until the beam was deflected
from fields which form a finite-dimensional representation87 mrad by the storage ring dipole magnet 18 m down-
of the Lorentz group, have local interactions invariant un-stream of the gas jet target. The vacuum pipe through this
der the proper Lorentz group, and are described by a Hemagnet was modified to allow the neutfato exit the stor-
mitian Lagrangian [1]. This includes all of the elements ofage ring [8]. Six meters downstream, the atom was ionized
the standard model of particle physics, but not all possiblén a thin carbon foil that was mounted on a wheel so that
extensions to it. Notably, string theories may not requirdt could be removed from the beam line by remote control.
CPT invariance [2]. Consequently, tests 6PT invari- The componentg® andp each retained the velocity of
ance are of fundamental importance. the atom (although the* direction was changed by mul-

CPT invariance implies that every particle state musttiple scattering in the foil); the momentum was shared in
have a corresponding antiparticle state, with equal massghe ratio of the masse$.611/938). Thee™ andp were
spin, and lifetime, and equal but opposite charge and
magnetic moment. The hydrogen atom is the best studied
of all physical systems; antihydrogen is therefore the ideal + Gas jet -1
system for the study o€PT in atomic interactions. A
program is underway at CERN to construct a facility P
dedicated to low energy and H experiments [3]. The Cireulating
goal is to produced in a magnetic trap, and to perform beam /£
spectroscopic measurements of comparable precision ti /
those made using [4].

In this Letter, we report an observation of atonfic
Both this experiment and the only previous experiment to
reportH (CERN PS-210 [5]) were based on a suggestion
of Munger, Brodsky, and Schmidt [6] th& atoms are
formed in the collisions of high energy’s with nuclei.
These atoms are made at large momenta and can b Titanium Solenoid
identified through ionization into components.

The layout of our experiment, Fermilab E862, is shown Cwﬁ:’:ﬁg)e
in Fig. 1. The experiment was run parasitically to E835, \ -

a study ofpp resonant annihilation into charmonium us- 3

ing the Fermilab Antiproton Accumulator and an internal

hydrogen gas jet target [7]. The energy of {hebeam ch#ﬂ

and the density of the target were determined by E835. —

The results presented here are based on data collected b

tween November 1996 and September 1997 witheam

momentum above 5200 Me'¢. PWCH AL
Atoms of antihydrogen were formed in the reaction \\

pp — He p when a positron, created as a member of “™(©?

ane*e” pair by a beanp in the Coulomb field of a tar- FIG. 1. Experimental apparatus.
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detected in separate spectrometers. The positron was desllected with the ionization foil out of the beam line, no
flected through an angle of 2by a small sector dipole, three-way coincidence of CE, C1, and C2 was recorded.
and stopped in a 2.54 cm thick scintillation counter (CE)However, the foil-out sample does contain 13 events with
that was exposed to the Accumulator machine vacuurma beam momentum track and a second hitin PWC#1. The
Two solenoid magnets provided a point-to-point focus befarger foil-in sample contains only one such event [10].
tween the ionization foil and counter CE. The counter Figure 2(a) shows the momentum spectrum of all tracks
was surrounded by a cylindrical Nal(TI) counter composedound in the foil-in data sample. Entries corresponding
of two half-cylindrical crystals, each of which was in- to events with a three-way coincidence of C1, C2, and
strumented with three photomultiplier tubes. The purpos€E are shaded. The majority of the remaining tracks
of the Nal(TI) counter was to detect the 511 keMrays  were the result of the elastic scattering of beais from
produced when the positron annihilated in the CE counteresidualH atoms just upstream of the storage ring dipole.

The p momentum was measured in a 24.4 m longThese elastically scattergds were directed into the E862
spectrometer. The two dipole magnets in this spectromeapparatus when the scattering angle was equal and opposite
ter were energized in series with the Accumulator dipoleto the bend angle of the storage ring dipole. These tracks
magnets, so that a beam-momentum particle was deflectguovide a verification that the momentum scale of fhe
by 235 mrad, independent of the value of the beam mospectrometer is correct @.1%. Figure 2(b) shows the
mentum. Position measurements were provided by threeorresponding momentum spectrum from data collected
proportional wire chambers with 1 mm wire spacing [9]. with the ionization foil out of the beam line. Entries from
This spectrometer provided a measurement of track maevents containing a spectator hit in PWC#1 are shaded.
mentum relative to the nominal beam momentum, and’he shaded momentum spectra in Figs. 2(a) and 2(b) both
covered the rang®.95 < p/ppeam < 1.05. Two scin- have a mean of 0.9993. The standard deviations of the two
tillation counters, a 1.6 mm thick counter (C1) locatedspectra are, respectively, 0.0007 and 0.0005. Exclusive
just downstream of PWC#1, and a 3.2 mm thick counteof magnet setting errors, the expected rms momentum
(C2) located 2 m downstream of PWC#3, completed theesolution of thep spectrometer (dominated by multiple
P spectrometer. C1 and C2 were each instrumented withcattering) is 0.00045 at 5700 M@¥. The fractional
two photomultiplier tubes. Pulse height and leading edgenomentum spread of the beam in the Accumulator was
timing information was recorded for each tube, and a cofess than 0.0002 rms.
incidence signal of the two tubes on each counter was The open histogram in Fig. 3(a) is the CE pulse height
formed for use in triggers. distribution for all triggers in the foil-in data set. The

Whenever at least two of the three counter signals (CEshaded histogram shows the response of CE in the
C1, and C2) were present within a 75 ns time window,57 three-way coincidence events. The pulse height for
the data acquisition system was triggered and data fromach of these events is given in Fig. 3(b) as a function of
all spectrometer elements were written to permanent stothe expected* kinetic energy. The plot also shows the
age. The interaction rate in the gas jet target was typiresponse of CE to #Ge calibration source.
cally 2 MHz. In contrast, the three small scintillation Figure 4 illustrates the response of the Nal(Tl) counter.
counters in our apparatus registered singles rates of onlgach axis of the plot corresponds to one half of the
~3 Hz. The trigger rate was one every 3—5 min, and was
dominated by C1-CE coincidences caused by a shower of ——
particles. wf-(a)

We have a background-free sample of B7events.
This sample was selected simply by requiring that every |
event contain a three-way coincidence of CE, C1, and C2, =[
and that either PWC#2 or PWC#3 register at least one | e T ‘
wire hit. All events thus selected were found to contain s 07 028 099 100 Lot

. . Track Momentum/Beam Momentum
a beam momentum antiproton track and data consistent
with a positron of the expected momentum.

In order to demonstrate that these three-way coinci- [ (b) T
dence events were caused by antihydrogen, the ioniza-
tion foil was rotated out of the beam line, and data were |
collected. In this configurationd atoms ionized in the s
50 wm thick titanium vacuum window 10 cm upstream i
of PWC#1. Since, in these events, the ionization occurred & r1.!]

P
0.96 0.97 0.98 0.99 1.00 1.01

downstream of the small dipole magnet, the was not Track Momentum /Beam Momentum

directed to the CE counter, but rather passed througEIG. 2. (a) Momentum of antiproton candidate tracks for foil-

. > . . L
qu#l glong W'th thep. Multlple+scatter|ng of the™ in in data. Three-way coincidence events are shaded. (b) Mo-
the titanium window caused the" to separate from the mentum of antiproton candidate tracks for foil-out data. Events

P, resulting in two hits registered by the PWC. In datawith a spectator track are shaded.
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FIG. 3. (a) CE pulse height for foil-in data. (b) CE pulse 0 20 5%0 , k7v5° 1000 1250
height as a function of expected kinetic energy. The crosses rierey m xe
show the average response t§&e calibration source. FIG. 4. Pulse heights in the Nal(Tl) counter halves for three-

way coincidence events. The inset is the response ftGa
calibration source.
counter. The response to 47 three-way coincidence events
[11] is shown in the main part of the figure, and the ) . )
response to &Ge calibration source is shown in the Py our estimated geometrical acceptance, reconstruction
inset. For the calibration event).5% have both counter  €fficiency, and experiment live time. The geometrical ac-
halves within 45 of 511 keV ans2.9% have at least one Céptance was primarily a function of the beam angle and
of the two counter halves within 45 of 511 keV. For €mittance, and the size of the ionization foil. The beam
the 47 signal events, 18(%) have both counter halves angle and emittance were logged by the Fermilab Opera-
within 45 of 511 keV, and 2553%) have at least one tons Group. Using these n'umbers as input to a Monte
counter half within 45 of 511 keV. Carlo simulation of the experiment, we have computed the

All features of the three-way coincidence events arél€ometrical acceptance as a function of time. Using PWC
consistent with antihydrogen. The requirement of a three€fficiencies determined from thié events themselves, we
way coincidence, independent of any cut on the puls€Stimate the reconstruction efficiency to $@%. The
height in counter CE, or the existence of information inMmeasured experiment live time wa&%.
either half of the Nal(Tl) counter, selected only events The Systematic error in our cross section measurement
containing beam-momentum tracks. This demonstratel$ determined by uncertainty in the luminosity measure-
that there is no background due to a continuum of off-ment and acceptance corrections. T_he uncertainty in the
momentump’s. The fact that no three-way coincidence luminosity measurement has been estimated #b§L.3].
event was recorded with the ionization foil removed fromUncertainties in acceptance due to the alignment of our ap-

the beam line demonstrates that these events are cauge/atus or of the instruments used to measure the beam tra-
by an interaction in the foil. Data were taken with two Jjectory have been estimated and found to be much smaller

ionization foil thicknesses, 437 and 77&y/cm?. The than the uncertainty associated with the estimate of the
data, given in Table I, favor the hypothesis (likelihood

ratio = 2.1) that the event rate is independent of foil TABLE I. H production cross section, for three data sets
thickness, as expected for the ionizationfbfrather than taken with 5203 < pyeam = 6232 MeV/c, and for the com-

proportional to the thickness, as expected for scattering ifined data set.

the foil. Finally, in the absence of the ionization fo, 437 777 Full
events were observed with a second signature and a con- ug/cm?  pg/cm? Foil  data
sistent cross section. Foil Foil out  set
Three of the events in the foil-out sample were col- Luminosity (pb ') 34.8 20.6 104 74.8
lected with a beam momentum of 8815 MAY and one  Acceptancex efficiency 0.67 0.92 0.80 0.79
was collected with a beam momentum of 6934 MeV  Sensitivity (pb') 233 27.2 8.3 58.8
The balance of the data was collected at beam momentdumber of events 24 33 9 66
between 5203 and 6232 MgV [12]. This subset of the g?g's‘grsgcr;%n (ob) 01 03 01 2 O-llg7 0-11(22
data has been used to determine Bhgroduction cross Statstical error (pb) 021 0 036 014

section. To determine the cross section, we have mu

tiplied the integrated luminosity recorded by E835 [13] Systematic error (pb) 0.08 0.09 0.14 009
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angular spread of thg beam, which is derived from the [2] For example, the possibility of spontaneaCiBT breaking
beam profile and the emittance. The emittances reported in string theories is discussed in V.A. Kostelecky and
by the Operations group were typically27 mm mrad. R. Potting, Nucl. PhysB359, 545 (1991).
These emittances were computed from measurements ugd3] Design Report No. CERRPS 96-43 (AR). See also http:/
ing the Accumulator lattice parameters, which are not pre-_ _ /www.cern.ch/PSdoc/acc/ad/index.html.
cisely known for the range of beam momentum covered by[#] Th- Udemet al., Phys. Rev. Lett79, 2467 (1997).
our data [14]. Therefore, in order to estimate the system—[s] G. Bauret al., Phys. Lett. B368 251 (1996).
. ) ’ (£6] C.T. Munger, S.J. Brodsky, and I. Schmidt, Phys. Rev. D
atic error, we have repeated the acceptance Monte Carl 49, 3228 (1994).
calculations with the beam emittance increased by 50%.[7] T A, Armstrong et al, Report No. FERMILAB-
The result of this study is summarized in Table I. The PROPOSAL-P-835-REV, 1992; D. Allspaeh al., Report
errors associated with the acceptance correction and the No. FERMILAB-Pub-97274-E, 1997 (to be published).
luminosity measurement have been added in quadrature. [8] All H atoms which exit the Accumulator do so in the
In summary, we have observed the production of atomic  ground state. This includes atoms produced in 1's, and

antihydrogen in the reactiopp — He p. The signal 98% of atoms formed im = 2, which decay radiatively

|S unamblguous and background free We measure the tO 1 Sgefore reaching the dlp0|e magnet (the e|eCt_riC f|e|d
production cross section between 5203 and 6232 keV |n.theH rest frame, caused by the earth'.s magnetic field,
tobel.12 = 0.14 + 0.09 pb[15,16]. The relatively small mixes the2s and 2p states). States witx > 2 field

. - . . . ionize before or within the storage ring dipole.
systematic error in this measurement is made pOSSIbIe[9] D. C. Christianet al., Nucl. Instrum. Methods Phys. Res.,

by the high quality luminosity measurement provided by Sect. A345, 62 (1994).

E835 and by the fact that the acceptance and efficiency o] This event may have been caused by a beam momentum
of our apparatus are both high. We have verified the 5 (exiting the Accumulator after an elastic scatter with a
acceptance correction by increasing the angular coverage “heavy” nucleus such as carbon) that knocked an electron
of the apparatus part way through the data taking, and by  out of the titanium vacuum window, or by ali which

collecting data with the ionization foil removed. passed through the 77Zg/cn? foil without ionizing. In
Our measured cross section is smaller than iihe our cross section determination, we assumed that this was
1 cross section of 4.0 pb computed in [6]. However, _ notanH event.

a recent calculation by Bertulani and Baur [17] givesl11] After an exposure of34.84 pb™!, the aperture of the
a cross section for production of = 1 H of 0.91 pb spectrometer was increased. The 2.54 cm diameter
at ppeam = 5700 MeV/c, which is consistent with our (437 ug/cn?) ionization foil was replaced with a

Th lculati . . 4.44 cm diameter (774g/cn?) foil, the e* scintillator
measurement. e same calculation gives a cross section |, -« increased from 2.54 to 5.1 cm diameter, and the

at Fhe _CERN momentum of 1940 MgV of 0.23Z* pb, central bore of the Nal(Tl) counter was increased from
which is 671 pb forz = 54. CERN PS-210 [5] quotes 3.0 to 5.1cm. Ten of the 57 three-way events were
an integrated luminosity df X 103 cm™2 (=50%) and a collected while the Nal(Tl) counter was being modified.

product of acceptance and efficiency less than 0.3. Thu§l2] The sensitivity-weighted average beam momentum is
their signal of 11 events, with an estimated background of Z(sensitivit)b. X pream/ 2. S€NSItivity = 5767 MeV/c.
2, corresponds to a cross section of at least 6000 pb, with[&3] S. Trokenheimet al., Nucl. Instrum. Methods Phys. Res.,

systematics-dominated uncertainty-e50%. This result Sect. A355 308 (1995). _
is not consistent with the recent calculation of Bertulanil}4] We have plotted the vertical (horizontal) slope of the
and Baur [17]. tracks from theH data verses the vertical (horizontal)

. . position at PWC#1, and thus have directly measured
We gratefully acknowledge the assistance of the Fermi vertical (and horizontal) emittance ellipses of arednr

lab Antiproton Source grqup,_the cooperation of experi- (<47) mmmrad. Since these data were collected over
ment E835, and the participation of both G. McGrath and 3 period of months, these areas represent extreme upper

Pennsylvania State University in the initial preparations limits to the actual beam emittances.
for the experiment. This work was funded by the U.S.[15] Our cross section is for alH atoms produced in the
Department of Energy. ground state, plus 98% of those produced: ir- 2 states.

The production cross section is expected tod@ (0)|?,
and thus 89 »n = 1 plus /9 n = 2 atoms.

[16] We have also developed a technique for performing
spectroscopic measurements of the= 2 antihydrogenic
levels which may be practical for use in a future
experiment at Fermilab: G. Blanforét al., Report

[1] G. Liuders, Kong. Dansk. Vid. Selskab, Mat.-Fys. Medd. No. FERMILAB-Pub-97426-E [Phys. Rev. D (to be
28, 5 (1954); Ann. Phys. (Pari®), 1 (1957); W. Pauli, in published)].
Niels Bohr and the Development of Physieslited by [17] C.A. Bertulani and G. Baur, Phys. Rev. D (to be
W. Pauli (Pergamon Press, New York, 1955), p. 30; published); available at http://xxx.lanl.gov/abs/hep-ph/
R. Jost, Helv. Phys. Acta0, 409 (1957). 9711273.
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